Introduction
Perfl uorinated alkyl acids (PFAs) have been under scrutiny for the past nine years following the discovery of perfl uorooctane sulfonate (PFOS) at elevated concentrations in wildlife and humans (Geisy and Kannan 2001) . PFOS was phased out by the manufacturer in 2001 (3M 2000) and PFOS-related compounds have been declared toxic under the Canadian Environmental Protection Act (Canada Gazette 2008) , and PFOS was placed on the global list of presistent organic pollutants in 2009 (UNEP 2009). Consequently PFOS-related compounds are being controlled and replacement compounds have been introduced (Renner 2007) . The use of fl uorotelomer alcohol-based replacement products, which have perfl uorocarboxylates (PFCAs) as residual contaminants, or which ultimately degrade to PFCAs (Dinglasan et al. 2004; Dinglasan-Panlilio and Mabury 2006) , has risen sharply in this decade (Prevedouros et al. 2006) . The types of compounds or functional groups attached to the basic fully fl uorinated backbone of these substances varies but all have perfl uorinated chains ranging from 4 to 16 carbons.
PFAs are found globally (Giesy and Kannan 2001; Kannan et al. 2001a; Martin et al. 2004; Yamashita et al. 2005 ) and are extremely persistent, being resistant to normal breakdown mechanisms (Key et al. 1997) . Longer chain members (e.g., PFOS and perfl uorononanoic acid/ anion [PFNA] ) bioaccumulate (Martin et al. 2003) . The toxicological effects of PFAs have been recently reviewed . Effects include peroxisomal inhibition in rodents (Kudo et al. 2000) , inhibition of gap junctional intercellular communication, immunotoxicity, and depression of thyroid hormone activity . PFOS is perhaps the best known of these compounds and its manufacture was drastically reduced once its deleterious effects were known (OECD 2002) . Governments have worked with industry to limit its use, and it is presently restricted in most countries.
Our focus is on the PFAs in the aquatic environment. A number of studies have been undertaken to determine the presence of the target PFAs in surface waters. Most of these studies consider a regional area or drainage basin (e.g., Kim and Kannan 2007) . Perfl uorooctanoate (PFOA) and PFOS have been found to be the predominant compounds in surface waters. One study investigated their presence in the major oceans, and the compounds of interest were found in the picogram per litre range (1 to 400 pg/L) (Yamashita et al. 2005) . PFAs have also been measured in selected biota collected globally (Geisy and Kannan 2001; Kannan et al. 2001a Kannan et al. , 2001b . Samples from top predators have been analyzed from remote areas, most notably from the Arctic. These have shown high concentrations of PFNA and PFOS in polar bear (Smithwick et al. 2006 ) and seal tissues (Butt et al. 2007) , while PFOA was generally at much lower concentrations. The precursors of PFAs (fl uorotelomer alcohols and fl uoroalkyl sulfonimdo alcohols) have been determined in air samples across North America (Stock et al. 2004 (Stock et al. , 2007 . Only one study has reported on the PFOA in precipitation in North America (Scott et al. 2006a) . Deposition of PFAs in remote Arctic ice caps indicates they or their volatile precursors undergo longrange transport (Young et al. 2007) .
There is only limited information on PFA concentrations in the Canadian aquatic environment. Most of the measurements have been done in the Great Lakes, where several researchers have published results (Boulanger et al. 2004; Furdui et al. 2008) . One of the wastewater treatment plants (WWTPs) on Lake Ontario has been studied (Scott et al. 2006b ); these results showed high concentrations of PFOS (10 ng/L) and of PFOA (~35 ng/L). Stock et al. (2007) found PFOA and PFOS were the major PFAs in two remote Arctic lakes on Cornwallis Island. They also found elevated PFOS in a lake downstream of a small airport that they attributed to the use of aqueous fi lm forming foams (AFFFs) used in fi re fi ghting, a major source of this compound.
Concentrations of PFOS and other PFAs in the waters of a nearby creek and its biota following an accidental AFFF spill have been reported (Moody et al. 2002) . Overall, little is known of the range of concentrations for the PFAs in the aquatic environment across Canada, especially in the rivers. Knowledge of the prevailing concentrations is important for environmental exposure and risk assessments of top predator wildlife. The information is also useful for human exposure assessment because rivers often provide raw water for drinking water supplies, particularly in the Prairie Provinces. Therefore, where possible, samples were collected upstream as well as downstream of urban areas. A large suite of PFAs were analyzed including PFCAs, perfl uorosulfonates, (PFSAs), and fl uorotelomer unsaturated acids.
Methods

Materials
All standards (Table 1: also see table for acronyms used) were purchased from either Wellington Laboratories (Guelph, Ont.), Aldrich Chemicals, (Milwaukee, Wis.), Oakwood Products Inc. (West Columbia, S.C.), or Synquest (Alachua, Fla.). All isotopically labelled (13C substituted only) compounds were provided by Wellington Laboratories. All the PFCAs and 6,2-, 8,2-, and 10,2-fl uorotelomer unsaturated carboxylates (FTUCAs) were supplied as the acid while the PFSAs, with the exception of PFOS, were either the Na or K salts. PFOS was originally purchased as the quaternary tetraethyl ammonium salt, but for the majority of these analyses, the K + salt was used. Results of PFOS and PFBS were multiplied by a correction factor since the contribution of the counter ion was signifi cant and would affect the fi nal concentrations. Methanol (MeOH) (Omnisolv) and HPLC-grade water were provided by VWR (Mississauga, Ont.) and ammonium acetate was supplied by Fisher Scientifi c (Toronto, Ont.). A 25% ammonia solution was purchased from VWR (Mississauga, Ont.). Milli-Q water from various sources in the laboratory building was used as the other solvent. All reagents and solvents were analyzed for possible PFA contamination, with PFOA being found to be the major contaminant. The content of PFOA in the Milli-Q water was dependent on when the fi lters were replaced and the general operating conditions of the system. Oasis WAX solid phase extraction (SPE) cartridges (6 mL, 150 mg, 30 μm) were supplied by Waters (Waters Corporation, Milford, Mass.). Centrifuge tubes (15 mL and 50 mL polypropylene) were purchased from VWR.
Sample Collection
Prerinsed (MeOH) 1-L polypropylene double-capped bottles were sent to each sampling site. For several of the collections, a travel blank was included with bottles with a 500-mL aliquot remaining stored in the laboratory. SPE-cleaned HPLC-grade water was used for all blanks. For samples collected in the Québec, Atlantic, and Pacifi c and Yukon regions, local Environment Canada personnel were contacted, and they collected the necessary samples. For the Ontario and Western regions, personnel from Environment Canada collected the samples in conjunction with other studies. Lake Winnipeg samples were collected from aboard the MV Namoa, and Nelson River samples were collected by personnel from Manitoba Hydro. At each site, duplicate samples were taken. Travel blanks contained SPE-cleaned water.
Analysis
All samples were analyzed using LC/MS-MS (liquid chromatography-electrospray tandem Mass spectrometry) with the exception of Lake Ontario tributary samples where only the PFCAs were measured using a GC/ MSD (gas chromatography-mass spectrometry detector) method. This method involved derivatizing the parent PFCAs with 2,4-difl uoroaniline in the presence of N,Ndicyclohexylcarbodiimide under acid conditions (Scott et al. 2006b ). The effl uent from a WWTP was subjected to both methods of analysis, giving an average value of 32.3 ± 3.6 ng/L. All samples were analyzed within six months of collection, including the Lake Ontario samples.
Each SPE cartridge was preconditioned using 4 mL each of 0.1% ammonia in MeOH, MeOH, and fi nally SPE-cleaned HPLC-grade water. The Milli-Q water was cleaned by passing it through an SPE cartridge. All SPE elution rates were 3 to 6 mL per minute. Once conditioned, an aliquot of isotopically labelled PFAs, including perfl uorobutanoate (PFBA), perfl uorohexanoate (PFHxA), PFOA, perfl uorodecanoate (PFDA), perfl uoroundecanoate (PFUnA), perfl uorododecanoic (PFDoA), FTUCAs, perfl uorohexane sulfonate (PFHxS), and PFOS, were added. The sample was thoroughly mixed and left to stand 1 h prior to extraction. Usually, 250 mL of the sample was passed through the cartridge which was then centrifuged at 3,000 rpm for 2 min to remove all water, and then eluted (with 6 mL of MeOH and then 8 mL of 0.1% ammonia in MeOH) into a 15-mL centrifuge tube. The combined eluate was reduced to 0.48 mL under a stream of N 2 , followed by adding 0.5 mL of water, then 0.02 mL of the instrument standard ( 13 C 9 ) for a total of 1 mL of 50:50 water/MeOH. The solution was transferred to a plastic injection vial (Life Sciences, Kingston Ont.). Each sample was analyzed in duplicate.
Instrumentation
An Agilent 1100 HPLC (Agilent Technology, PaloAlto, Calif.) equipped with a column heater, binary highpressure gradient pumps, and an autosampler was utilized for analyte separation. This was coupled to an API 4000 triple quadrupole mass spectrometer (Applied Biosystems, Foster City, Calif.), which was operated in the electro-spray ionization mode (negative polarity) with multiple reaction monitoring. Instrumental parameters were optimized for each analyte. The nebulizer, drying, and curtain gases were N 2 . A 10-μL aliquot of the SPE extract was injected onto a Luna 3-μm C8 column (50 x 2 mm, Phenomenex, Torrance Calif.) using a 2 mM ammonium acetate solution in water and MeOH as the mobile phase. The mobile phase started at 50% MeOH and increased linearly with a fl ow rate of 250 μL/min. At 1 min, the gradient was increased by 5% MeOH, at 2 min the gradient was increased by an additional 5% MeOH, at 3 min the mixture was increased to 75% MeOH, then increased to 80% MeOH at 4 min with a further increase to 85% MeOH at 5 min. At 10.6 min the MeOH was decreased to 50% MeOH, and this condition was maintained until 23.6 min, at which time another injection was made. At all times the column temperature was maintained at 30 o C. The ions monitored are listed in Table 1 . Over the duration of the analysis period, blank values for all PFAs were similar as were the recoveries of the isotopically substituted chemicals.
Quantifi cation
Eight-point calibration curves were produced for each set of samples analyzed using varying concentrations of the standards from just above the quantitation limit to 100 times this value. Isotopically labelled PFNA was added as the instrument standard. The set of standards was run at least 2 times for each set of samples. Using the Analyst 1.4.2 software (Applied Biosystems), the instrument responses were transformed relative to the internal standard into concentrations employing an inverse weight factor to produce a series of plots. The correlation coeffi cients for the resulting linear plots of each standard had to be greater than 0.99 before the curves were deemed acceptable for determining concentrations. This provided a pg/μL value which was multiplied by the appropriate concentrating value to give a ng/L measure of the concentration.
The sulfonates were analyzed separately from the PFCAs and FTUCAs. Using the responses for the isotopically labelled compounds, the responses for the blanks and samples were matrix corrected, and then the samples were blank corrected. For perfl uoroheptanoate (PFHpA) and PFNA, the response for the isotopically labelled PFOA was used, the response for perfl uorotridecanoate used the response of the isotopically labelled PFDoA, perfl uorobutanesulfonate (PFBS) used the isotopically labelled response of PFHxS, and 1H,1H,2H,2Hperfl uorooctanesulfonate (THPFOS), perfl uoroheptanesulfonoate (PFHpS), and perfl uoro-1-octanesulfonamide (PFOSA) used the response of the labelled PFOS.
Quality Assurance
Each sample was analyzed in duplicate with the average being reported. The instrument was adjusted so that each analyte had a minimum of 10 points to defi ne its peak. The agreement between the duplicates was usually within 10%. The method detection limit (MDL) was calculated as 3 times the standard deviation of the blank (GomezTaylor et al. 2003) . Each sample was blank corrected. For some compounds, such as the FTUCAs, there was no background correction as there was no contribution to the sample signal from the reagents or instrument.
Results
The results of all travel blanks were identical to the results of the water retained in the analyzing laboratory, indicating no extra contamination from the shipment of the samples. The MDLs for each compound are listed in Table 2 .
PFA concentrations in the samples collected across Canada are listed in Table 2 , with the sites shown in Fig. 1 . Sampling locations (latitude/longitude) are given in Appendix I. To be considered detected, the chemical had to be detected in both of the replicates at >MDL. To determine communities' contributions to the PFA concentrations, samples were taken upstream and downstream of several communities. Locations of the rivers with sampling sites are shown in Fig. 1 . For a quick comparison of results, the PFOA and PFOS concentrations are plotted in Fig 2. In Fig 2(a) are the results for rivers and tributaries from Prince Edward Island to the Detroit River. In Fig. 2(b) are the PFOA and PFOS results for tributaries and rivers from Lake Superior to the West Coast. These results show that the maximum concentrations of PFOA and PFOS occur from Lake Erie's tributaries through to the St. Lawrence River. The rivers in the remote regions of the country, such as sites 60 to 62 in British Columbia, near the Garibaldi Glacier, have the lowest concentrations of the PFAs. The FTUCAs were detected in only seven of the samples and, as a result, were omitted from Table 2 .
The most often detected PFA was PFOA, with its concentrations ranging from 0.044 to 9.9 ng/L (median 0.61 ng/L). PFCAs were detectable in more samples (98% for PFOA; 95% for PFNA) than the PFSAs (83% for PFOS; 79% for PFHxS). The highest concentration of PFOS (34.6 ng/L) was found in Sandusk Creek, a tributary to Lake Erie. PFOS was present at higher concentrations (median 0.91 ng/L) than PFOA at about 50% of the sampling sites.
Community contributions were evident from the concentrations measured on the Nipigon River (Ont.), Red River (Winnipeg, Man.), North Saskatchewan River (Battleford, Sask.), South Saskatchewan River (Medicine Hat, Alta.), Cheakamus River (B.C.), Similkameen River (B.C.), and the Yukon River (Y.T.). With the lone exception of the Yukon River, the downstream sites had higher levels of PFOA and PFOS relative to the upstream sites. WWTPs do not remove PFAs during wastewater treatment processes (Schultz et al. 2006) .
Samples from Prince Edward Island rivers contained higher levels of PFOS than PFOA, as did samples from the St. Lawrence River. However, PFOA concentrations were higher than PFOS in three St. Lawrence River tributaries (Ottawa, Richelieu, St. Maurice) and in major upstream rivers within the Great Lakes (Grand, Niagara, Detroit). PFHxA, PFHpA, and PFNA were present in almost all samples from all sites (89, 98, and 95%, respectively). However, PFDA, and PFUnA were present in higher proportions (73 and 50% respectively) at sites in Ontario, Québec, and Prince Edward Island than in the West (57 and 26%).
Concentrations determined for the PFAs in samples from the St. Lawrence River were generally higher, almost double, than in its tributaries in most cases. The St. Lawrence River samples also had greater PFOS and PFOA concentrations than all other large rivers studied, i.e., Niagara, Winnipeg, and Saskatchewan.
Ontario, bordering most of the Laurentian Great Lakes, had the most sample sites. Lake Ontario had 3 tributaries sampled and analyzed using the GC-MSD method (Scott et al. 2006b ). The Don River contained the highest amounts of the PFCAs, which is not surprising since it fl ows through a major metropolitan area, and the sampling site was downstream of a WWTP. The Trent River fl ows through a mainly agricultural area as does the Welland River. The Niagara River is the connecting channel between Lake Erie and Lake Ontario; it had PFA Table 2. concentrations lower than the other three Lake Ontario tributaries.
Tributaries to Lake Erie were intensively sampled. Many of the creeks had PFOA concentrations similar to the Lake Ontario tributaries, but there are few communities on the Canadian side of Lake Erie comparable in population to the communities on the tributaries of Lake Ontario. These Canadian creeks fl ow through mainly agricultural land. For PFOS and PFOA, concentrations were generally greater than 2 ng/L, with PFHxA, PFHpA, PFOA, PFNA, PFDA and other PFSAs being detected. Amherstburg is on the Detroit River, the connecting channel between Lake Huron and Lake Erie. Only PFOA, PFUnA, PFOS, and PFHxS were detected. Lake Superior tributaries exhibited the lowest concentrations of the PFAs (listed Table 2 ) of all sites sampled in the Ontario region. The Winnipeg River, a tributary to Lake Winnipeg, had higher PFCA and PFOS concentration levels than the other northern Ontario rivers.
The Red River passes through Winnipeg and the sampling sites were situated upstream and downstream of the city's three WWTPs. The concentrations in these samples refl ect this, showing the infl uence of the urban area. The highest concentrations of the PFCAs in western Canadian sites were detected in the Assiniboine River. The samples were taken west of the SaskatchewanManitoba border, a predominantly rural agricultural area. However, the PFOS level was less than 1 ng/L. The Souris River, a tributary of the Assiniboine River fl owing through southwestern Manitoba, had PFAs levels about half of those determined for the Assiniboine River. Lake Winnipeg and Nelson River sample locations are shown in Fig. 1 . Lake Winnipeg PFA concentrations are listed in Table 3 with the sites' coordinates. These sites are located in northern Lake Winnipeg, and the PFOA concentrations are less than determined in the downstream Red River sample but higher than the upstream site. The PFOS values for Lake Winnipeg were greater than either of the Red River sites. Site B was closest to the discharge of the Saskatchewan River and had the highest PFA values. The Nelson River sites had concentrations of PFOA and PFOS slightly lower than the Lake Winnipeg values. The waters in the Nelson River contain readily detectable amounts of PFBS and PFHpS, with PFHxS concentrations similar to PFOS.
The upstream and downstream sites near Battleford (Sask.) on the North Saskatchewan River exhibited the same pattern as noted for other upstream and downstream sites. Here the upstream site had lower PFOA and PFOS concentrations than the downstream site. The Wascana Creek sample had the highest PFOS concentrations of the rivers sampled in Saskatchewan. It receives the WWTP effl uent from the city of Regina.
The samples from downstream of Medicine Hat on the South Saskatchewan River had higher PFOS concentrations than the upstream site, but levels of PFOA were similar at both locations. The Battle River sample had higher PFA levels than the samples from the other Alberta sites but the Beaver River site had the highest PFOS and PFHxS concentrations.
For British Columbia, most samples were also collected upstream and downstream of a community. There are slight increases in the PFOS concentrations in the downstream sites, but there is no pattern for the PFOA values. Of the British Columbia sites, the sample from the Okanogan River site contained the highest concentrations of the PFHxA, PFHpA, PFOA, PFNA, PFOS, and PFHxS. Maximum values for the PFAs were less than the maxima determined for other provinces. Table 2 are the results from samples collected on the Garibaldi Glacier situated in British Columbia. These samples were of interest since it was anticipated that they would contain the lowest amounts of PFOA and PFOS of all sample sites. The PFA concentrations were low but some other remote sites had similar or lower concentrations for these particular compounds.
Also included in
PFOSA and THPFOS, a fl uorotelomer-based sulfonate, are two compounds that have been infrequently reported in surface waters. This is especially true for THPFOS which has even been recommended for use as a surrogate in analysis of environmental samples and is a potential replacement for PFOS. THPFOS was detected in 28% of the samples and PFOSA in 35%. PFBS, a degradation product of perfl uorobutyl sulfonate-based products, was detected in 32 of the samples with the highest concentrations in the eastern Canadian rivers (67% detection in Ont., Que., and P.E.I.; 37% detection in Man., Sask., Alta., and B.C. sites). PFHpS, which is presumably an impurity in PFOS-based products, was found in 13 of the 65 total sampling sites with much higher frequency in the east (33%) than the west (6%). The FTUCAs were detected (>0.1 ng/L) a total of 7 times (with the 2,6-FTUCA being detected 1 time; 3 times for the 8,2-, and 3 times for the 10,2-FTUCA). The majority of these detects were from the Prince Edward Island and Québec samples. These particular compounds are believed to be the atmospheric reaction products of the decomposition of fl uorotelomer alcohols (Ellis et al. 2004 ) and have been found in precipitation samples but seldom in surface water samples (Scott and Spencer Unpublished data).
Discussion
PFOA concentrations were higher than PFOS in about 50% of the 65 sampling locations, and, in descending order, PFHxA, PFHpA, and PFHxS were also higher than PFOS at a number of locations. PFOSA and THPFOS detection was more intermittent (Table 2 ). This suite of chemicals was most prominent in the St. Lawrence River and the tributaries of Lake Erie. Figure 2(a) depicts the PFOA and PFOS concentrations for Eastern Canada, and, with the exception of the Lake Superior tributaries, shows that the PFOS concentrations were greater than the PFOA concentrations. The average PFOA concentration up to the Manitoba border was 2.69 ng/L with the average PFOS concentration being 4.09 ng/L. For tributaries and rivers on the western side of the Manitoba-Ontario border and depicted in Fig. 2(b) , the average PFOA value was 1.01 ng/L and the average PFOS value was 0.91 ng/L. This suggests a geographic shift in the occurrence and concentrations of PFOS and PFOA. The long chain PFCAs (PFDA, PFUnA, PFDoA, perfl uorotetradecanoate [PFTeA]) were infrequently detected and usually only when the amounts of PFOA and the PFNA concentrations were high (greater than approximately 4 ng/L). This implies that the longer chain PFCAs were present but at concentrations lower that can be measured with the present instrumentation and sample size analyzed. No signifi cant amounts of the FTUCAs were detected in both replicate samples from the same site.
There have been other studies that have investigated PFA concentrations in lotic systems. A comprehensive examination of 73 rivers in Japan was undertaken for PFOS contamination (Saito et al. 2003) . Values ranged from 0.3 to 135 ng/L with most sites containing 10 ng/L or less. Highest concentrations were downstream from a community. In a survey of German rivers, Skutlarck et al. (2006) monitored for a range of PFAs. The authors noted that quantitation below 1 ng/L was diffi cult because of background contamination. In 41 sites along the Ruhr River, 12 contained no measureable amounts of PFOA and 5 contained no measureable amounts of PFOS. The maximum PFOA value was 36 ng/L, with PFOS having a maximum value of 28 ng/L. However, when they monitored the upper Ruhr River, a maximum of 3,640 ng/L of PFOA was determined for a sample from Heidelberg with an accompanying PFOS value of 193 ng/L. Of the 23 sites considered, 5 had no measurable PFOA concentration and 10 had no measureable PFOS concentration. PFBS was found more frequently than PFOS. In a recent study, Loos et al. (2008) measured a number of PFAs in surface waters throughout Europe, and noted areas of reasonably clean waters and areas where pollution was high. Earlier, Hanson et al. (2002) investigated a river downstream from a textile plant on the Tennessee in Alabama. Above the plant, PFOS concentrations were 55 ng/L and PFOA levels were 25 ng/L. Below the point source, PFOS concentrations were 114 ng/L and PFOA was 394 ng/L. Sinclair et al. (2006) studied a number of water bodies in New York State, including fl owing bodies of water. These included the Hudson River, the Niagara River, and the Erie Canal. The Niagara River value for PFOS was about double the result reported here, while the PFOA result is about 10 times higher. This may refl ect different location of sampling stations; our stations were midriver. The Hudson River's PFOS and PFOA values were 1.7 and 35 ng/L, respectively. The Erie Canal had PFOS and PFOA values of 6.4 and 30 ng/L, respectively.
In a study of the Cape Fear drainage basin in North Carolina, Nakayama et al. (2007) investigated many of the same PFA compounds considered in the present study. A total of 80 sites were monitored, but only the data from sites with the highest concentrations (>100 ng/L total) were reported in the text of the paper, including maximum concentrations of 287 μg/L for PFOA and 127 ng/L for PFOS for a site on the Haw River. In a European study, McLachlan et al. (2007) detected PFHxA, PFHpA, PFOA, and PFNA in 14 major European rivers. PFOA and PFHxA were the most prominent PFAs. In the above studies, the concentrations of all compounds were generally greater than those determined in the present study.
Since many of the sites sampled in this study have fl ow values available from the Water Survey of Canada monitoring program (Water Survey of Canada 2003) , the fl uxes of PFAs can be calculated for the sampling day. These may provide a more realistic assessment of the amount of a chemical in fl owing water than concentration. The fl uxes, in grams per day, are listed in Table 4 . It would be anticipated that the higher fl ows would provide the larger fl ux values. The highest fl ow values were from the sites on the St. Lawrence, Nelson, Niagara, and South Saskatchewan (Medicine Hat) rivers. The low initial concentrations of the PFAs (<1.0 ng/L) detected in the South Saskatchewan River resulted in fl uxes comparable to the Assiniboine River which had higher concentrations but lower fl ows. The highest fl uxes with high PFOA and PFOS concentrations were found for the St. Lawrence River sites, and the site near Québec City had fl ux values of 3 g/min for PFOA and 5 g/min for PFOS. This provided a daily input of 4.38 kg of PFOA and 7.59 kg PFOS, for the sampling day, to the Atlantic Ocean, the receiving waters of the St. Lawrence River. McLachlan et al. (2007) estimated the total discharge of PFOA from the European rivers to be 14 tonnes/ year. If our single day fl uxes are converted to yearly, the St Lawrence River would contribute an estimated 0.7 tonnes a year of PFOA to the Atlantic Ocean. Therefore it is not surprising that these two chemicals are found at detectable levels in the water column of the Atlantic Ocean (Yamashita et al. 2005) , and, considering that the St. Lawrence River is only one North American tributary to the Atlantic, the total release into the Atlantic Ocean is many times this value. On the other side of Canada, the Cheakamus River of British Columbia, with its major population centre of Squamish, contributes 1 g of PFOA and 0.6 g of PFOS a day into the Pacifi c Ocean, considerably less than is released into the Atlantic. It should be noted, however, that these fl ux estimates are based on single sampling days and may not refl ect annual inputs. Rivers in Alberta, Saskatchewan, and Manitoba discharge into Lake Winnipeg; the outlet of Lake Winnipeg is the Nelson River. Samples were collected on the Nelson River timed with the fl ow such that the same body of water was sampled as it moved towards Hudson Bay. The concentration and fl ux values were consistent for sites I to IV with a relative standard deviation of less that 10% for PFOA and PFOS. The PFOA fl ux per day was approximately 20% of that calculated for the St. Lawrence River site at Québec City. The PFOS fl ux value was approximately 10% of that of the site at on the St. Lawrence River at Québec City. Since the Nelson River is under the sub-Arctic temperature regime, the river freezes during the winter months and the fl ow should not be consistent throughout the year. However, the results suggest that the contributions of PFOA and PFOS to the shallow waters of Hudson Bay are substantial.
The tributaries to Lake Superior have low fl uxes for PFOA and PFOS. The low values of PFOA are refl ected in the low values of PFOA in the water column of Lake Superior (Scott et al. 2006b ). The higher PFOA and PFOS values of the tributaries to Lake Erie make contributions to the lake, but the lower fl ows of the tributaries modulate the total amount of the PFAs entering the lake. The site on the Niagara River had higher fl uxes, refl ecting its large fl ow volume, indicating that there are major concentrations in Lake Erie, which fl ow into Lake Ontario and then into the St. Lawrence River. PFOA fl uxes for the British Columbia rivers are similar to those in Prince Edward Island, but the PFOS values are greater for Prince Edward Island. The rivers in the Prairies fl ow into Lake Winnipeg while several of the British Columbia rivers fl ow into the United States.
In Eastern Canada, the systems having the highest concentrations of the PFAs were lakes Ontario and Erie with their tributaries, and the St. Lawrence River. This is consistent with the observation that these compounds are introduced in urban and industrial areas. The tributaries fl owing into Lake Superior have low levels of the PFAs, with concurrent studies of Lake Superior measuring similar low levels of the PFAs in the open lake. In addition, there are only two signifi cantly populated areas on the shores of this lake, each with population less than 150,000. The high PFA concentrations in Lake Erie refl ect the concentrations detected in its tributaries. However, there are no high population centres on these tributaries. Since the PFAs are not naturally made, they must have been added to the land surface through man's activities, such as applying sludge to the land, or using pesticide formulations containing perfl uorophosphates and/or phosphonates as antifoam agents, which breakdown to PFAs (Kemi Report 2006; D'Eon et al. 2007 ). The highest PFOS value (36.4 ng/L) was measured in Sandusk Creek. During the 1980s, there was a large, persistent tire fi re in Hagersville, Ontario. AFFFs were used to extinguish the fi re. PFOS was a component of AFFFs at that time. Water from the fi re fl owed into Sandusk Creek where it was diluted with the other waters in the creek. Some PFOS may have become absorbed by shoreline material. If the shore was disturbed prior to 2005 sampling, the PFOS may have been released into the creek. The inputs of AFFF in a municipal stream have been documented elsewhere (Moody et al. 2002) .
Conclusions and Recommendations for Further Studies
This survey of Canadian surface waters demonstrates the infl uence of populated areas on PFA concentrations. Most sites downstream of urban areas had higher concentrations of PFAs than upstream sites. Background sites, such as glacial meltwater in British Columbia and forested tributaries of Lake Superior, also had low concentrations of most PFAs, refl ecting the importance of atmospheric inputs to these sites. There also may be agricultural sources due to the use of PFA precursors in pesticide formulations, and possibly to the application of sewage sludge to agricultural land. Overall, the concentrations of PFAs were low compared with studies of river waters in the United States, Japan, and Europe. This study provided a snapshot of prevailing concentrations. Broader spatial coverage would be useful particularly for major rivers in British Columbia (e.g., Fraser river), Arctic watershed rivers (Mackenzie, Nelson, le Grand Baliene), and Eastern Canadian rivers (St. John's, Manicougan, Churchill Falls). Future studies should examine PFA concentrations over time to more accurately assess fl uxes than was possible in the present study.
